A novel gene belonging to the a-amylase family was isolated directly from community DNA obtained from soil sediments collected from Bor Khleung hot spring in Thailand. Partial sequences harboring four conserved regions of the aamylase family were amplified by PCR using degenerate primers. Upstream and downstream sequences of these fragments were obtained by a genome walking approach to identify a full-length gene (Env cda13A) encoding 619 amino acids. Amino acid sequence alignments of Env Cda13A with other enzymes suggested that this enzyme was a cyclomaltodextrinase. The Env cda13A gene was expressed in Pichia pastoris as a secreted functional protein of 68 kDa. The partially purified enzyme was shown to be monomeric and hydrolyzed various maltodextrins from maltotriose to maltoheptaose and cyclomaltodextrins to give maltose and glucose as the main products. The enzyme also hydrolyzed pullulan and soluble starch to yield glucose, but the rate of hydrolysis was slow. This study demonstrated the possibility of isolating potentially novel enzymes directly from natural environments and opens an unexplored biodiversity resource in Thailand for future novel gene discoveries.
Introduction
The a-amylase family consists of several enzymes that share a number of common characteristics including a parallel (b/ a) 8 barrel structure and the enzymatic reactions that act on a-glycosidic bonds that are hydrolyzed to yield a-anomeric mono-or oligosaccharides. They also contain four conserved regions. Some amino acids in these regions are involved in the catalytic reaction or stability of the conserved (b/a) 8 structure (Van der Maarel et al., 2002) . The aamylase family has a variety of specific activities that can be used widely for industrial purposes. Therefore, many studies have focused on identifying novel enzymes with potential properties suitable for a broad range of industrial applications (Van der Maarel et al., 2002) .
Conventionally, the target enzymes are obtained from cultures of strains of microorganisms that are first isolated and purified. The search for novel enzymes has recently focused on unculturable microbes. Thus, strategies including activity-based screening and PCR-based cloning for screening enzymes isolated directly from the environment have been established (Lorenz et al., 2002; Daniel, 2004) . Target enzymes including a-amylase, xylanase and polyketide synthases have been identified using PCR-based cloning approaches (Seow et al., 1997; Radomski et al., 1998; Richardson et al., 2002; Sunna & Bergquist, 2003) . In contrast to the construction of a library, which depends on the expression of cloned genes in appropriate hosts, genome-walking strategy for PCR-based cloning offers a promising alternative way to obtain target enzymes directly from environmental DNA.
Recently, our group established the biodiversity and abundance of bacteria and archae from Bor Khleung hot spring in Thailand (Kanokratana et al., 2004) . This study demonstrated a complex community of prokaryotes in this hot spring, suggesting the possibility of the presence of interesting enzyme-producing microbes in this environment.
In this study, we used the PCR-based cloning approach to isolate the gene for a novel enzyme belonging to the neopullulanase subfamily from community DNA isolated from the Bor Khleung hot spring. The amino acid sequence of the enzyme and the biochemical characteristics of the overexpressed partially purified enzyme are reported.
Materials and methods

Strains, growth conditions and plasmids
Escherichia coli DH5aF 0 was used for cloning all recombinant plasmids. Bacterial cultures were grown in Luria-Bertani at 37 1C supplemented with ampicillin (100 mg mL À1 ) or zeocin (25 mg mL À1 ) where appropriate. Plasmid pGEM-T easy (Promega) was used for cloning experiments. Methylotrophic yeast, Pichia pastoris KM71 (Invitrogen), was used as an expression host. Plasmid pPICZaA (Invitrogen) was used as an expression vector. Yeasts were grown in YPD (yeast extract peptone dextrose medium) supplemented with zeocin (25 mg mL À1 ) where appropriate.
Genomic DNA extraction from soil samples by SDS-based DNA extraction and purification
Soil sediments were collected from Bor Khleung hot spring in Ratchaburi province, Thailand. The temperature of the hot spring was 55 1C, pH 6.0. Genomic DNA from soil samples was extracted by the method established by Zhou et al. (1996) . The crude genomic DNA obtained was purified using the QIAquick Gel Extraction kit (QIAGEN, Germany). The quantity and quality of purified DNA were analyzed by agarose gel electrophoresis.
Molecular DNA cloning in E. coli and P. pastoris Degenerate primers (amyI, 5 0 -YTNGAYGSIGTITTYAAYCA-3 0 and amyIV, 5 0 -GTRTCRTGISWICCIARIARRTT-3 0 ) were designed based on conserved regions I and IV of thermostable amylolytic enzymes in the neopullulanse subfamily . All PCR products were cloned into pGEM-T easy vector and transformed into E. coli DH5a. For expression of Env Cda13A in P. pastoris, the corresponding gene without its signal sequence was amplified using BK13XhoIPICZ (5 0 -CCGTCTCGAGAAGAGATCAACAC CAAAGCTGAGCGAT-3 0 ) and BK13XbaIPICZ (5 0 -CTGCT CTAGATCATCGCTCTTTCATTGCCTGCAGGA-3 0 ) primers, and the PCR product was subcloned into pPICZaA vector. The ligation mixture was transformed into E. coli for plasmid amplification. The resulting plasmid, pPICZBK13, was then integrated into P. pastoris KM71 by electroporation as described by the manufacturer (Invitrogen). DNA sequencing was performed by Bio Service Unit (National Center for Genetic Engineering and Biotechnology, Thailand) and Macrogen (Korea).
Genome walking PCR
Two approaches were used for amplification of upstream and downstream regions of the partial fragment, BK13. To obtain upstream sequence, genome walking PCR was performed as described by the manufacturer (Clontech). Briefly, digested genomic DNA was ligated with the pro-vided genomewalker adaptor. Two PCR amplifications were then performed. The first reaction consisted of 0.2 mM of GSP1UP (5 0 -GGCACCAATCCCTTCTCATCCTCGC-3 0 ) and 0.2 mM outer adaptor (AP1, 5 0 -GTAATACGACTCACTA TAGGGC-3 0 ) primers, 1 Â Tth PCR reaction buffer, 2 mM Mg(OAc) 2 , 200 mM dNTP, 0.5 mL Advantage Genomic Polymerase Mix and 0.5 mL of diluted ligation mixture. The primary PCR product was then diluted and used as a template for nested PCR consisting of 0.2 mM of GSP2UP (5 0 -CTGCGAAATGATGAACCAGTCCTT-3 0 ) and 0.2 mM nested adaptor (AP2, 5 0 -ACTATAGGGCACGCGTGGT-3 0 ) primers, 1 Â Tth PCR reaction buffer, 2 mM Mg(OAc) 2 , 200 mM dNTP and 0.5 mL Advantage Genomic Polymerase Mix. Another approach used for downstream walking was described by Chun et al. (1997) . Primary PCR contained 100 ng purified genomic DNA, 0.2 mM ST1 [5 0 -GGCCACG CGTCGACTAGTAC(N 10 )GATAT] and 0.2 mM GSP3DW (5 0 -GCCATCAACCCGAACGCGTACCTCACC-3 0 ) primers, 1 Â Taq PCR reaction buffer, 3 mM MgCl 2 , 200 mM dNTP and 2.5 U Taq DNA polymerase (Promega). Diluted PCR product was used as a template for nested PCR consisting of 0.2 mM GSP4DW (5 0 -GCCGTGATGAATTATCGTCTTGCT-3 0 ) and 0.2 mM ST2 [5 0 -(CUA) 4 GGCCACGCGTCGACTAG TAC-3 0 ] primers, 1 Â Taq PCR reaction buffer, 3 mM MgCl 2 , 200 mM dNTP and 2.5 U Taq DNA polymerase. To obtain full-length Env cda13A gene, BK13F (5 0 -CTTGATAAGCTT GCTACGACTTCTTGTG-3 0 ) and BK13R (5 0 -CGGCCGCG AATTCCATCGCTCTTTCAT-3 0 ) primers were used.
Expression of Env Cda13A in P. pastoris
A single colony of the recombinant P. pastoris was inoculated into 10 mL of YPD and incubated at 30 1C overnight with vigorous shaking. A 1 mL starter culture was transferred to 500 mL of BMGY (buffered glycerol-complex medium; Invitrogen) and the culture was grown overnight under the same conditions. After the culture had reached an OD 600 nm of 2-6, the cells were harvested by centrifugation at 3000 g for 5 min and resuspended in 100 mL of BMMY (buffered methanol-complex medium; Invitrogen) containing 3% methanol as an inducer in a 2 L flask. The induction was continued at 30 1C with vigorous shaking for 3 days. In order to maintain the induction, methanol was added every 24 h to yield a final concentration of 3%. A 10 mL sample of the induction medium from day 1 to day 3 was analyzed using 10% SDS-PAGE and Coomassie brilliant blue staining. To obtain the expressed protein, the culture medium was collected by centrifugation at 5000 g for 10 min and was passed through a 0.2 mm filter to eliminate all traces of cells.
Partial purification of the enzyme
For a partial purification of the protein, the medium was fivefold concentrated by recirculating at a flow rate of 40 mL min À1 in a Minimate TM Tangential Flow Filtration (TFF) system (Pall) with a 10 kDa-cut off Minimate TM TFF capsule. Subsequently, the protein was diluted with 0.1 M potassium phosphate buffer, pH 6.0, to the initial volume and the concentration step was repeated. The whole process was repeated twice to exchange entirely the medium for the buffer.
Enzyme assay
The enzyme activity was quantitatively determined by the 3,5-dinitrosalicylic acid method (DNS; Miller, 1959) . The appropriate concentration of each substrate (starch, pullulan, cyclodextrins) was incubated with the appropriate amount of enzyme in 50 mM MOPS buffer, pH 6.5-7, supplemented with 2 mM of CaCl 2 . The reaction was incubated at optimal temperature for 15 min before adding 0.3 mL of DNS reagent. The reaction was then boiled for 10 min. The amount of reducing sugar was determined by measuring OD 540 nm compared with a standard curve of glucose or maltotriose (for pullulanase activity). One unit of enzyme activity was defined as the amount of the enzyme that produced the equivalent of 1 mmol of reducing sugar at the optimal temperature in 1 min. The linearity of activity at different time intervals was ensured for the assay. The effect of metal ions was examined after preincubation of enzyme solution with 2 mM of various cations, which were Mg 21 , Ca 21 , Sr 21 , Ba 21 , Ni 21 and Mn 21 , at optimal temperature for 15 min. Enzyme activity was then determined. For thinlayer chromatography (TLC), an appropriate amount of substrate (0.5% cyclodextrins, soluble starch, pullulan and 2 mM maltooligosaccharides) was incubated with the enzyme at 50 1C for 24 h. The reactions were heated at 100 1C for 10 min and spotted onto the silica gel 60 aluminum plate (Merck). The plate was then placed in a TLC chamber containing a solvent mixture of isopropanol-ethyl acetatewater (3 : 1 : 1, v/v/v) and developed at room temperature. The plate was air-dried completely and a detection reagent, composed of 0.3% of N-(1-naphthyl)-ethylenediamine and 0.5% concentrated H 2 SO 4 in methanol, was evenly sprayed. For visualization, the plate was heated at 110 1C for 10 min.
Size exclusion chromatography
Size exclusion chromatography was performed in an AKTA Explorer system (Amersham Biosciences) to estimate the molecular weight of native Env Cda13A. A protein sample was dissolved in 50 mM MOPS pH 7.0 to yield a concentration of 0.3 mg mL À1 and injected onto a Superdex 200 10/300 GL column (Amersham Biosciences) that was equilibrated with 50 mM MOPS pH 7.0 and 50 mM KCl and eluted in the same buffer at a flow rate of 0.4 mL min À1 . bglucosidase (135 kDa) from almond (Fluka) and the Gel Filtration LMW Calibration Kit (Amersham Biosciences) were used as standard proteins to calibrate the column.
Sequence analysis
The signal peptide cleavage site was analyzed by SignalP 3.0 (Bendtsen et al., 2004) . Multiple alignments of enzymes were performed using the program CLUSTALW. A phylogenetic tree was constructed using maximum parsimony analysis. Bootstrap values (1000 replicates) greater than 50% were indicated at branch nodes. The nucleotide sequence of Env cda13A gene has been deposited in GenBank under accession number DQ 191050.
Results and discussion
Identification of a novel cyclomaltodextrinase gene by genome walking PCR Sequences harboring conserved regions of a-amylase family proteins were amplified from the genomic DNA extracted from soil sediment using amyI and amyIV degenerate primers. Approximately 600 bp DNA fragments obtained were sequenced and analyzed. These sequences exhibited 45-85% similarity to conserved regions of the amylase family. Phylogenetic analysis of corresponding amino acid sequences suggested that these partial sequences could be part of novel enzymes in the neopullulanase subfamily of glycosyl hydrolase family 13 ( Fig. 1 ; Oslancová & Janeček, 2002) . According to the method described by Zhou et al. (1996) , this method introduces bias towards Gram-negative bacteria. This might explain the closely related fragments amplified. However, as the DNA was extracted from an extreme environmental sample, the majority of microorganisms might actually be related. Nevertheless, these observations confirmed the great biodiversity of Bor Khleung hot spring, which could be a potential source for novel enzyme discovery (Kanokratana et al., 2004) . One of these partial DNA fragments, BK13, was randomly chosen for amplification of its full gene.
Using a genome walking approach, a full-length gene of BK13 was obtained, which consisted of 1860 bp encoding a putative protein of 619 amino acids. This protein was predicted to be an extracellular enzyme as a putative signal sequence (MPLLRLLVTLLIVLTLALQGVAS) was detected. Amino acid sequence alignment showed that this enzyme exhibited 48% similarity to neopullulanase of Thermoactinomyces vulgaris and Bacillus stearothermophilus (Fig. 2) . From the alignment, this enzyme could exhibit the domain structure of glycosyl hydrolase family 13 consisting of domains A, B and C ( Van der Maarel et al., 2002) . Four conserved regions commonly found among enzymes in the amylase family spanning domains A and B are present in this enzyme (the four conserved regions of amylase family were labeled as I, II III and IV in Fig. 2) . Domains A and B contain amino acids that form the catalytic site and also amino acids that are required for the stability of the conserved TIM barrel topology (Kuriki & Imanaka, 1999) . Highly conserved catalytic residues located in regions II (D300), III (E329) and IV (D407) were found in this enzyme. Additional conserved regions found among cyclomaltodextrinases (CDases) are also present . The conserved region containing YQIFPERFRNG located between the start of the (b/a) 8 -barrel and conserved region I might play a role as a Ca 21 -binding site as this region corresponds to a Ca 21 -binding site found in neopullulanase of B. stearothermophilus (Fig. 2 , marked as closed diamonds; Hondoh et al., 2003) . An additional short conserved sequence (Fig. 2 , marked as a closed triangle), LPELR, has been proposed to be involved in calcium binding (Oslancová & Janeček, 2002) . More importantly, a conserved region, WLEGDAF-DAVMNYRL, located between the conserved regions III and IV, was identified in this protein (Fig. 2, marked as an open triangle). This region was proposed to be involved in cyclomaltodextrin-binding and degradation . Altogether, these data suggested that the isolated enzyme could be a novel cyclomaltodextrinase. As a consequence, this environmentally isolated gene was designated as Env cda13A according to Henrissat et al. (1998) . This enzyme contained a number of insertions that are not present in other enzymes (Fig. 2) . These sequences were found spanning catalytic regions of the enzyme (domains A and B). From BLAST analysis, these sequences exhibited no similarity to any other enzymes belonging to glycosyl hydrolase family 13 or others. The role of these regions, if any, is still unclear.
Expression of cyclomaltodextrinase in P. pastoris
In the initial attempt, the Env cda13A gene was transferred into pET17b and pET32a vectors and expressed in E. coli. However, the protein was obtained as an insoluble form and Fig. 1 . Amino acid sequence relationships between partial DNA fragments obtained by PCR and known bacterial starch-degrading enzymes. The phylogenetic tree was constructed as described in Materials and methods. Soil sediments were collected from Bor Khleung hot spring, Thailand. Extracted genomic DNA was purified and used as templates to amplify conserved regions of a-amylase family using amyI and amyIV degenerate primers. . Four conserved regions commonly found among enzymes in glycosyl hydrolase family 13 are shown. The fifth conserved region proposed to be a selection marker for neopullulanase subfamily is indicated by a closed triangle (Oslancová & Janeč ek, 2002) . Conserved regions located between the start of the (b/a) 8 -barrel and conserved region I are indicated as closed diamonds. The conserved region between the conserved regions III and IV is indicated by an n. G. stearothermophilus, neopullulanase of Geobacillus stearothermophilus (accession number P38940); B. acidopullulyticus, maltogenic amylase of Bacillus acidopullulyticus (accession number CAA80246); T. vulgaris, chainB of a-amylase II (TVAII) of Thermoactinomyces vulgaris (accession number 1BVZ_B); T. maritima, cyclomaltodextrinase of Thermotoga maritima MSB8 (accession number NP_229632). BK13 = Env Cda13A. no activity was detected. Subsequently, P. pastoris was used for expression of the protein. To express the protein, the Env cda13A gene was cloned into pPICZaA vector without its native signal sequence. As a result, the gene was fused in-frame with a-factor peptide of the vector. The resulting clone expressed Env Cda13A predominantly as a soluble protein of approximately 68 kDa (Fig. 3a) . The molecular weight of the enzyme was comparable to that expected. The maximal level of protein expression was obtained by the third day of induction (Fig. 3a) . No protein corresponding to this band was detected from the control suspension of KM71 harboring only pPICZaA expression vector (data not shown). The concentrated culture medium revealed an enzyme preparation that was more than 90% pure, indicating that P. pastoris produced a large amount of soluble cyclomaltodextrinase without any difficulty (Fig.  3b ). Total protein obtained from recombinant P. pastoris was 18 mg L À1 . One of the advantages of using this expression system is that P. pastoris can efficiently secrete heterologous proteins, often as the major product in the culture medium (James et al., 1993) . Thus, multiple steps of purification are unnecessary. This study is the first to demonstrate the successful expression, using the P. pastoris host system, of a cyclomaltodextrinase isolated directly from the environment.
Enzyme characterization
The optimal pH and temperature of the enzyme were investigated. The recombinant enzyme showed its optimal temperature and pH at 50-55 1C and 6-7, respectively, with various substrates (Table 1) . This implied that pH changes might affect the conformation of the protein at the substrate-binding site of the enzyme. The effect of divalent cations on the enzymatic activity was investigated and only Ca 21 was required for full activity (data not shown). The characteristic of this enzyme towards various substrates was investigated. The novel cyclomaltodextrinase was able to hydrolyze a-, band g-cyclodextrins including larger poly-saccharides, pullulan and starch (Table 1) . As aand bcyclodextrins were the two most favorable substrates for the enzyme, kinetic parameters, K m and V max , were determined with both substrates. The K m and V max for a-cyclomaltodextrin were 4.4 mM and 30.7 U mg À1 whereas the K m and V max for b-cyclomaltodextrin were 6.1 mM and 14.8 U mg À1 , respectively. This showed that the enzyme has a higher affinity towards a-cyclomaltodextrin. Therefore, it was suggested that this enzyme prefers small molecule as substrates rather than large ones.
Based on the assumption that specific activity can be calculated from V max values divided by the number of milligrams of enzyme used, if conditions of purification and enzymatic assays are comparable, it is possible to compare the specific activity of the enzymes. Generally, details of conditions may not always be available from the literature but specific activity can still be used as a guide to observe whether Env Cda13A has a similar range of activity against several substrates compared with other enzymes in the same group. As b-cyclodextrin was commonly used as a substrate for determining specific activity, the activity of Env Cda13A towards b-cyclomaltodextrin was then compared with those from other enzymes. Env Cda13A activity towards b-cyclomaltodextrin (14.8 U mg À1 ) was twice that of Thermotoga maritima whereas its activity was comparable to that of maltogenic amylase from B. stearothermophilus ET1 (Cha et al., 1998; Lee et al., 2002 ; Table 1 ). It was generally clear that different cyclomaltodextrinases found among various microorganisms exhibit various rates on different cyclodextrins . TLC analysis showed that this novel cyclomaltodextrinase hydrolyzed cyclodextrins and starch, yielding glucose as the major product (Fig. 4a ). The enzyme also hydrolyzed all maltooligosaccharides, except maltose, yielding glucose as the smallest product although products of maltose, maltotriose and other malto-oligosaccharides were also observed (Fig. 4b) . This might result from the fact that maltose was too small to bind at the substrate binding site of the enzyme. In addition, these results suggested that the malto-oligosaccharide hydrolysis of this novel cyclomaltodextrinase was as efficient as that of cyclodextrins. This enzyme hydrolyzed pullulan to maltose and glucose but not panose (Fig. 4a) . These results suggested that Env Cda13A exhibited hydrolytic activity of both a-1,4-glucosidic and a-1,6-glucosidic linkages.
Generally, it has been shown that there is an uptake system for cyclomaltodextrins in bacteria . Thus, cyclomaltodextrinases, mostly located intracellularly, are responsible for the degradation of cyclomaltodextrins imported into the cells. However, unlike most cyclomaltodextrinases found in other bacteria, Env Cda13A was predicted to be an extracellular protein. As it was isolated directly from environmental samples, neither the original microorganism that produces this enzyme nor how many enzymes that function for carbohydrate catabolism were present within this microbe are known. Therefore, the reason why this enzyme is localized extracellularly is not yet understood. It is, however, possible that this microorganism does not contain a specific uptake system or, if present, the system might not be as efficient as those present in other bacteria. As a result, it might need cyclomaltodextrinase working outside the cell for degradation of cyclodextrins into smaller linear products, which can then easily get into the cells and are further hydrolyzed by intracellular enzymes.
According to enzyme specificities, the novel Env Cda13A could be classified into the neopullulanase subfamily consisting of neopullulanases, cyclomaltodextrinases and maltogenic amylases (Oslancová & Janeček, 2002) . However, Env Cda13A lacks the N-terminal domain, which is usually found among cyclomaltodextrin-pullulan hydrolyzing enzymes . Another amylolytic enzyme in which the N-domain is absent was isolated from Thermotoga maritima (Lee et al., 2002) . As this enzyme also exhibited activity towards b-cyclodextrin, this suggested that the N-domain was not essential for cyclodextrin hydrolysis. Recently, the role of the N-domain has been extensively studied in TVAI and TVAII enzymes from Thermoacinomyces vulgaris (Yokota et al., 2001; Abe et al., 2004) . In TVAI, the N-domain has been proposed to act as a starch-binding domain essential for raw starch degradation (Abe et al., 2004) whereas the N-domain of TVAII plays an essential role in dimer formation (Yokota et al., 2001) . It seems likely that the N-domain found in other enzymes in this subfamily might also play a part in dimerization process . Gel filtration analysis showed that Env Cda13A is monomeric (data not shown). This strongly supported the fact that the N-domain is responsible for dimer formation of other cyclomaltodextrinases. In addition, there has been a study showing that the N-domain, albeit not essential for cyclomaltodextrinase activity, is important for the higher cyclomaltodextrin activity (Turner et al., 2005) . This has proved to be the case for our enzyme with its specific activity towards a-cyclomaltodextrin of 30.7 U mg À1 and b-cyclomaltodextrin of 14.8 U mg À1 . The corresponding activities of AfCda13 from Anoxybacillus are 448 U mg À1 for a-cyclomaltodextrin and 259 U mg À1 for b-cyclomaltodextrin (Turner et al., 2005) . Fig. 4 . Thin-layer chromatography of the hydrolysis of cyclodextrins (a-CD, b-CD, g-CD), soluble starch and pullulan (a) and maltooligosaccharides (b); maltose (G2), maltotriose (G3), maltotetraose (G4), maltopentose (G5), maltohexose (G6) and maltoheptaose (G7). The reactions with or without the enzyme are indicated by '1' or ' À ', respectively. A molecular weight standard (M) was a mixture of sugar and oligosaccharides from glucose to maltoheptaose. P is a standard panose.
Conclusions
In this study, we successfully amplified a fragment of a novel gene for cyclomaltodextrinase directly from community DNA isolated from a hot spring in Thailand. The upstream and downstream DNA regions of the fragment were sequenced by a genome walking method and the full-length gene was transformed into P. pastoris and expressed successfully. Our study offers a possible approach to study the biodiversity of natural environments and, in particular, help identify more novel enzymes with interesting characteristics that could be further optimized and engineered for future potential industrial applications. Hot spring in Thailand might prove to be a good source for obtaining such novel enzymes.
